g Burkholderia pseudomallei is a CDC tier 1 select agent that causes melioidosis, a severe disease in humans and animals. Persistent infections are common, and there is currently no vaccine available. Lipopolysaccharide (LPS) is a potential vaccine candidate. B. pseudomallei expresses three serologically distinct LPS types. The predominant O-polysaccharide (OPS) is an unbranched heteropolymer with repeating D-glucose and 6-deoxy-L-talose residues in which the 6-deoxy-L-talose residues are variably replaced with O-acetyl and O-methyl modifications. We observed that primary clinical B. pseudomallei isolates with mucoid and nonmucoid colony morphologies from the same sample expressed different antigenic types distinguishable using an LPS-specific monoclonal antibody (MAb). MAb-reactive (nonmucoid) and nonreactive (mucoid) strains from the same patient exhibited identical LPS banding patterns by silver staining and indistinguishable genotypes. We hypothesized that LPS antigenic variation reflected modification of the OPS moieties. Mutagenesis of three genes involved in LPS synthesis was performed in B. pseudomallei K96243. Loss of MAb reactivity was observed in both wbiA (encoding a 2-O-acetyltransferase) and wbiD (putative methyl transferase) mutants. The structural characteristics of the OPS moieties from isogenic nonmucoid strain 4095a and mucoid strain 4095c were further investigated. Utilizing nuclear magnetic resonance (NMR) spectroscopy, we found that B. pseudomallei 4095a and 4095c OPS antigens exhibited substitution patterns that differed from the prototypic OPS structure. Specifically, 4095a lacked 4-O-acetylation, while 4095c lacked both 4-O-acetylation and 2-O-methylation. Our studies indicate that B. pseudomallei OPS undergoes antigenic variation and suggest that the 9D5 MAb recognizes a conformational epitope that is influenced by both O-acetyl and O-methyl substitution patterns.
B
urkholderia pseudomallei is an environmental saprophyte and the cause of melioidosis. This organism is also classified as a CDC tier 1 select agent based on its potential hazard to public health (1) . B. pseudomallei infection is acquired by inoculation, inhalation, and ingestion. Once an infection is established, bacteria may disseminate via the bloodstream and affect numerous organs, with common clinical manifestations, including pneumonia and multiple abscesses in the liver and/or spleen. In northeast Thailand, the mortality rate is 40% (2) , and clearance of B. pseudomallei is difficult to achieve, leading to the need for prolonged antimicrobial treatment and to relapse in up to 10% of cases. B. pseudomallei is a facultative intracellular organism and can survive in a range of host cell types, including phagocytes (3, 4) . Potential mechanisms that contribute to bacterial persistence are poorly understood, although B. pseudomallei has been reported to be highly adaptable and able to survive under extreme conditions (5, 6) .
Lipopolysaccharide (LPS) is an important B. pseudomallei virulence factor (7), is a major stimulator of the host immune response (8) , and has been considered to be a potential vaccine target (9) . Three B. pseudomallei LPS types have been described based on SDS-PAGE pattern (ladder type A, ladder type B, and rough LPS), which have distinct serological reactivities (10) . Type A and type B LPSs are composed of three covalently linked domains (lipid A, core-oligosaccharide, and O-polysaccharide
[OPS]), while rough LPS lacks OPS (10) . Type A is the predominant LPS type expressed by isolates from Thailand (97%) and Australia (80%) (10) . The structure of type A OPS is an unbranched polymer consisting of disaccharide repeats having the structure ¡3)-␤-D-glucopyranose-(1¡3)-6-deoxy-␣-L-talopyranose-(1¡, in which the 6-deoxy-␣-L-talopyranose (6dTal) residues are variably replaced with O-acetyl and O-methyl modifications (11) (12) (13) (14) . Antibody to B. pseudomallei LPS is detected in more than 90% of patients with culture-confirmed melioidosis (15) .
In several Gram-negative bacteria, LPS variation has been associated with different colony phenotypes (16, 17) . This phenom-enon generates diversity that confers a survival fitness in different environments. LPS modification can impact antigenicity and also affect serum sensitivity and adhesion to the host cells (18) . Our previous study reported that B. pseudomallei has seven colony morphotypes which undergo switching under different laboratory conditions. The type I morphotype represents the predominant type (88% of 241 clinical isolates), but this can switch to other types in vivo and in vitro. The different colonies that were observed on Ashdown selective agar are related to phenotypic variation, including the ability to produce extracellular enzymes, flagella, motility, and biofilm formation, but the relationship between colony morphotype and LPS variation is unclear (19) . We have subsequently noted the presence of two distinct colony types in a proportion of clinical samples plated onto nonselective agar, such as Trypticase soy agar (TSA) and blood agar (BA), which are nonselective media commonly used in routine hospital laboratories and in our research laboratory. These two types of colonies are described as mucoid (M) and nonmucoid (NM), although the related phenotypes on these media are unknown.
We hypothesized that different colony types of B. pseudomallei were associated with LPS variation. In the present study, we developed a latex agglutination test based on an LPS-specific monoclonal antibody (MAb) to screen the LPS antigenic variation in B. pseudomallei mucoid and nonmucoid colonies and verified the presence of distinct OPS types by Western blotting. Using a combination of genetic techniques and nuclear magnetic resonance (NMR) spectroscopy, we also demonstrated that O-methyl and O-acetyl modification patterns influenced the ability of the MAb to recognize the OPS antigens.
MATERIALS AND METHODS
Bacterial isolates and culture conditions. Isolation and cultivation of B. pseudomallei were performed in a class II biosafety cabinet located in a biosafety level 3 (BSL3) containment facility. Three retrospective collections of B. pseudomallei isolates were used, as follows: (i) 200 isolates, one from each of 200 patients presenting to Sappasithiprasong Hospital, Ubon Ratchathani, northeast Thailand, for whom the first episode of melioidosis was between 1986 and 2004 and who did not relapse, as shown by follow-up exams to July 2005 (20) ; (ii) 166 isolates from 78 melioidosis patients presenting to Sappasithiprasong Hospital with melioidosis who relapsed, as shown by follow-up exams to July 2005 (20) ; and (iii) 52 isolates from 38 patients, 10 animals, 3 soil samples, and 1 water sample from northern Australia, provided by Bart Currie, Charles Darwin University, in 2002 (10) . A fourth prospective collection, in which colonies were picked from primary culture plates (sheep blood agar) of specimens from 40 patients suspected of having melioidosis who presented to Sappasithiprasong Hospital between July 2011 and November 2012, was assembled during this study. The clinical specimens were sputa (n ϭ 13), tracheal secretions (n ϭ 6), pus (n ϭ 11), wound swabs (n ϭ 3), synovial fluid (n ϭ 1), and blood culture (n ϭ 6). Colonies were picked after incubation for 2 days at 37°C in air. These samples were randomly selected from those that grew B. pseudomallei on a primary blood agar plate during routine diagnostic processing. The laboratory strains of B. pseudomallei and Escherichia coli used during the study are described in Table 1 . Unless otherwise stated, these were cultured on Trypticase soy agar (TSA) and Luria-Bertani (LB) agar (BD), respectively. All isolates were stored in Trypticase soy broth (TSB) with 15% glycerol at Ϫ80°C. Latex agglutination assay. A latex agglutination test was performed as described previously (21) . This is based on an MAb termed 9D5, which recognizes B. pseudomallei OPS and is positive for B. pseudomallei and the closely related nonvirulent organism B. thailandensis but negative for B. mallei (21) . The MAb was purified using a Hi-trap protein A high-performance (HP) column (GE Healthcare) and sensitized onto latex particles (MAb-latex) according to the manufacturer's instructions (Invitrogen). B. pseudomallei reactivity was assessed by mixing bacterial cells with 10 l of MAb-latex suspension on a glass slide and observing the cells for agglutination within 2 min.
Isolation and characterization of mucoid and nonmucoid colonies. B. pseudomallei isolates from the three retrospective collections were streaked from a freezer vial onto TSA and incubated at 37°C in air for 2 days, and the plates were observed for the presence of nonmucoid and mucoid colonies. Nonmucoid colonies were defined as white, opaque, and matte with an umbilicate or umbonate surface, and mucoid colonies were defined as white or yellow and shiny with a smooth surface. Five colonies of each of the two types from the same sample (or all colonies if fewer than 5) were tested with the MAb-latex test. For the prospective study of clinical samples, B. pseudomallei colonies on blood agar were observed for mucoid and nonmucoid colonies after incubation at 37°C in air for 2 days. Ten colonies of each of the two types from the same sample (or all colonies if fewer than 10) were tested with the MAb-latex assay. Separate freezer vials were prepared for all colony picks and stored in TSB with 15% glycerol at Ϫ80°C. Each colony was tested for the following: (i) LPS type using 12% SDS-PAGE and silver staining and (ii) expression of the MAb 9D5-specific antigen using Western blotting (10) . LPS was extracted using proteinase K (Invitrogen) digestion. LPS types were defined as ladder type A, type B, or rough type (no ladder) (10) . In the event that a single sample contained both mucoid and nonmucoid colonies, individual colonies of both types were compared by pulsed-field gel electrophoresis, as previously described (19) .
Effects of different culture conditions on B. pseudomallei colony appearance. The effect of a range of laboratory conditions on colony appearance was tested on the same isogenic pairs. Ten colonies of mucoid or nonmucoid types per strain scraped from TSA were suspended in phosphate-buffered saline (PBS) and adjusted to 1 ϫ 10 8 CFU/ml using spectrophotometry, with the optical density at 600 nm. Two hundred microliters of suspension of each type was inoculated into 2 ml of distilled water (DW) or TSB and incubated under one of the following conditions: (i) DW at 37°C for 24 h, (ii) TSB (pH 7.4) at 37°C for 24 h, (iii) TSB (pH 4.0) at 37°C for 24 h, (iv) TSB (pH 8.5) at 37°C for 24 h, (v) TSB (pH 7.4) at 42°C for 24 h, (vi) TSB (pH 7.4) plus 350 mM NaCl at 37°C for 24 h, (vii) TSB (pH 7.4) plus 50 mM NaNO 2 at 37°C for 24 h, (viii) TSB (pH 7.4) plus 2 mM H 2 O 2 at 37°C for 24 h, (ix) TSB (pH 7.4) at 37°C for 7 days (all incubated in air), and (x) TSB (pH 7.4) at 37°C for 24 h in an anaerobic jar (Oxoid). Thereafter, bacteria were diluted in PBS and spread plated onto TSA and the mucoid and nonmucoid colonies in the sample enumerated. Three separate experiments were performed in duplicate. Five colonies of mucoid and nonmucoid colonies (where present) were tested for each plate using the MAb-latex test.
Bacterial internalization by human monocytes. Human monocytic cell line THP1 (ATCC TIB-202) was cultured in RPMI 1640 medium (Invitrogen) supplemented with 10% fetal bovine serum albumin (FBS). All cultures were maintained at 37°C in a humidified 5% CO 2 incubator. Monocytes (2 ϫ 10 5 cells) were seeded into each well of a 96-well plate and incubated overnight at 37°C in 5% CO 2 . Cells were infected with B. pseudomallei at a multiplicity of infection (MOI) of 1:1 at 37°C in 5% CO 2 for 2 h. Extracellular bacteria were killed by exposure to medium containing 250 g/ml kanamycin for a further 2 h. Intracellular bacteria were quantified by lysing infected monocytes with 0.1% Triton X-100 and plating them, followed by colony counting on TSA.
Construction of mutants and complemented strains. Five B. pseudomallei mutants, including three LPS mutants defective in wbiA (BPSL2680), wbiD (BPSL2677), or oacA (BPSL1936) and two strains of capsule mutants defective in wcbB (BPSL2808), were constructed using a fragment mutagenesis method, as described previously (22, 23) . LPS mutants were constructed in B. pseudomallei K96243 (nonmucoid), and capsule mutants were constructed in B. pseudomallei 4095a (nonmucoid) and 4095c (mucoid), which are isogenic pairs from the same patient (Table  1) . Gene sequences for wbiA, wbiD, oacA, and wcbB were obtained from GenBank (gene identifiers 3094050, 3093124, 3091646, and 3093047, respectively). PCR primers were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-blast) ( Table 2 ). Mutagenesis and complementation was performed using pEXKm5-based allele replacement, as described previously (22, 23) . The absence of a 236-bp oriT fragment of the pEXKm5 backbone was examined in all mutants. Phenotypic evaluation of LPS and capsule expression was achieved by SDS-PAGE of proteinase K extracts and Western blot analysis, respectively (21) . LPS expression was demonstrated using the 9D5 MAb, while capsule expression was demonstrated using the capsule-specific 4B11 MAb (21) .
DNA sequencing and RT-PCR of wbiA. Genomic DNA was extracted from B. pseudomallei using the QIAamp DNA minikit (Qiagen). B. pseudomallei wbiA was amplified using two overlapping primer pairs (wbiAseqA and wbiA-seqB, and wbiA-seqC and wbiA-seqD) shown in Table 2 . PCR products were cleaned using ExoSAP-IT (Affymetrix) and sequenced by Macrogen (Republic of Korea). One-step reverse transcriptase PCR (RT-PCR) was used to compare wbiA transcription of nonmucoid colony types with that of mucoid colony types. Individual colonies were harvested from TSA, and RNA was extracted using TRIzol reagent (Invitrogen). RT-PCR was performed using 1 g RNA and a Superscript III one-step RT-PCR system (Invitrogen) with forward primer wbiA-Fex and reverse primer wbiA-Rex ( Table 2 ). The conditions used were cDNA synthesis at 45°C for 30 min; initial denaturation at 95°C for 2 min; 35 cycles of denaturation at 94°C for 15 s, annealing at 58°C for 15 s, and extension at 72°C for 15 s; and a final elongation step at 72°C for 5 min. The transcript reference was RT-PCR for 16S rRNA gene amplification using primers Univ_16S_F and Univ_16S_R ( Table 2 ). The negative control was a wbiA reaction without the reverse transcriptase enzyme.
OPS characterization using NMR spectroscopy. B. pseudomallei 4095a (NM) ⌬wcbB (capsular polysaccharide [CPS]-deficient derivative of 4095a) and 4095c (M) ⌬wcbB (CPS-deficient derivative of 4095c) (Table 1) were cultured on TSA, from which colonies were scraped from the plate, and purified LPS and OPS were obtained as previously described (13) . LPS was extracted using a modified hot aqueous phenol procedure (12) . OPS samples were deuterium exchanged by dissolving them in D 2 O and lyophilizing, and then the samples were dissolved in 0.27 ml D 2 O containing 1 l acetone. One-dimensional (1-D) proton and 2-D gradient-enhanced correlation spectroscopy (gCOSY), total COSY (TOCSY), nuclear Overhauser effect spectroscopy (NOESY), gradient heteronuclear single quantum coherence (gHSQC), and gradient heteronuclear multiple-bond coherence (gHMBC) spectra were obtained on a Varian Inova 600-MHz spectrometer at 50°C using standard Varian pulse sequences. The spectral width was 3.17 kHz in the 1 H dimension and 18.1 kHz in the 13 C dimension. The numbers of scans and increments were, respectively, 4 and 400 for gCOSY, 8 and 200 for TOCSY and NOESY, 64 and 128 for gHSQC, and 128 and 200 for gHMBC. Acquisition times were 2 s for 1-D 1 H, 137 ms for gCOSY, TOCSY, and NOESY, 150 ms for gHSQC, and 128 ms for gHMBC. Mixing times for TOCSY and NOESY experiments were 120 and 300 ms, respectively. Proton chemical shifts were measured relative to internal acetone (␦ H ϭ 2.218 ppm, ␦ C ϭ 33.0 ppm) (24) . Monosaccharide residues in OPS samples were identified using the 2-D HSQC spectra by comparison with the assigned spectra from B. pseudomallei 1026b OPS (14) . Integration of the spectra was performed using the Mnova software (Mestrelab Research) after baseplane correction with a third-order Bernstein polynomial.
Susceptibility of mucoid and nonmucoid B. pseudomallei colonies to serum killing. The susceptibility of B. pseudomallei to killing by normal human serum (NHS) was determined as described previously (7) . In brief, B. pseudomallei was harvested from TSA, adjusted to 1 ϫ 10 6 CFU/ml, and then incubated in 30% NHS for 2 h, after which a viable count (CFU/ml) was determined by plating cells on TSA. E. coli HB101 was used as a susceptible control. Three independent experiments were performed.
Statistical analysis. Statistical analysis was performed using Stata, version 12 (StataCorp LP, College Station, TX, USA). Fisher's exact test was used to test proportions. Paired t tests were used to assess differences between the isogenic mucoid and nonmucoid strains in the monocyte internalization assays. Quantitative data are presented as means Ϯ standard deviations. Differences were considered statistically significant at a P value of Ͻ0.05.
RESULTS
Frequency of mucoid B. pseudomallei colonies. We previously described 7 different colony types for B. pseudomallei grown on Ashdown agar (19) . Using TSA and blood agar in this study, we observed only two colony types, which we describe as mucoid and nonmucoid (Fig. 1) . The frequency of these two colony types was determined in two retrospective Thai collections representing isolates from 200 cases of primary infection that was not complicated by relapse and 166 isolates from 78 patients who had at least one episode of relapse. The majority of cultures contained nonmucoid colonies alone, with Յ10% of cultures containing mucoid colonies either alone or mixed with nonmucoid colonies (Table 3) . a Positions correspond to the nucleotide sequences of the wbiA, wbiD, oacA, and wcbB genes of B. pseudomallei K96243 chromosome 1 (NCBI reference sequence gene identifiers 3094050, 3093124, 3091646, and 3093047 for wbiA, wbiD, oacA, and wcbB, respectively). Positions beginning with a minus sign are for genes at the 5= untranslated region (UTR), and those beginning with a plus sign are genes at the 3= UTR of the genes.
The frequencies of mucoid colonies were not significantly different in the two collections (P ϭ 0.15), and mucoid colonies were observed in both primary (n ϭ 9) and relapse (n ϭ 9) cultures. This indicates a lack of association with clinical relapse. A third Australian collection (n ϭ 52) was also examined, since there is a marked phylogenetic distinction between isolates from Thailand and Australia. As before, the majority of cultures (n ϭ 40, 77%) contained nonmucoid colonies alone, while the remaining cultures originating from humans (n ϭ 10), animals (n ϭ 1), and soil (n ϭ 1) contained a mixture of nonmucoid and mucoid colonies.
Defining the presence and frequency of the two colony types from frozen stocks is potentially flawed in that the number of colonies picked for storage at the time of isolation are usually limited and subject to selection bias. To address this, we undertook a prospective evaluation and determined the frequency of nonmucoid and mucoid colony types in fresh, primary cultures of clinical specimens from 40 patients with melioidosis. The clinical specimens were sputa (n ϭ 13), tracheal secretions (n ϭ 6), pus (n ϭ 11), wound swabs (n ϭ 3), synovial fluid (n ϭ 1), and blood cultures (n ϭ 6). Of these, 32 samples grew only nonmucoid colonies, and the remaining 8 samples contained a mixture of nonmucoid and mucoid colonies, the sample types for which were all sputum (n ϭ 6) and tracheal secretions (n ϭ 2). The mucoid type represented 5% of total B. pseudomallei colonies on the mixedcolony plates.
Taken together, these results indicate that mucoid colonies are in the minority but appear to be widely distributed in the population and are represented in clinical samples. We then considered whether the mixed colony types were isogenic and belonged to the same clone or whether different colony morphologies represented the presence of more than one B. pseudomallei strain. To address this, we selected the 8 prospectively collected clinical samples and genotyped 5 nonmucoid and 5 mucoid colonies from each sample using pulsed-field gel electrophoresis (PFGE). The banding patterns were identical for all of the colonies within a given sample, indicating that the different colony appearances occurred in the same genetic background and could not be explained by mixed infection with two different strains.
Five pairs of mucoid and nonmucoid B. pseudomallei colonies were selected for further detailed phenotypic and genetic analysis in the remainder of the study. These pairs were as follows: 10457A (NM) and 10457A (M), 10971B (NM) and 10971B (M), and 11017A (NM) and 11017A (M), picked from primary clinical cultures containing mixed colony types; MSHR295 (NM) and MSHR295 (M), picked from a culture of B. pseudomallei containing mixed colony types and originating from soil in Australia; and B. pseudomallei 4095a (NM) and 4095c (M), isolated from different samples taken 22 days apart from a Thai patient. PFGE demonstrated that mucoid and nonmucoid colonies from each sample had identical PFGE banding patterns and were considered to be isogenic. Full details of these isolates are shown in Table 1 .
Effect of laboratory culture conditions on colony morphology. The five nonmucoid/mucoid isolate pairs were used to observe the effect on colony type of growth under 10 different laboratory conditions, as described in Materials and Methods. Starting with nonmucoid isolates, only three isolates (4095a, 10457A, and 11017A) switched to the mucoid type under specific laboratory conditions ( Fig. 2A) . After the 7-day incubation in TSB, 72% and 60% of the total colony counts for 4095a and 11017A were emergent mucoid colonies, respectively, and after incubation at 42°C, 30% of the colonies of 10457A were emergent mucoid colonies. We did not observe switching to mucoid colonies on the plates for strains 10971B and MSHR295 under any conditions tested.
Although a variety of conditions were found to influence switching between nonmucoid and mucoid phenotypes, overall patterns of switching varied greatly between the isolates (Fig. 2B) . Nonmucoid colonies emerged from parental mucoid colonies under all conditions for strain 10457A and under most conditions for strains 10971B and 11017A. The percentage of nonmucoid colonies per total colony count was highest in DW (78% for both 10457A and 10971B) and after 7 days in TSB (65% for 11017A). Switching from mucoid colonies to nonmucoid colonies was observed for 4095c and MSHR295 in DW only.
Internalization of mucoid and nonmucoid colonies by human monocytes. We hypothesized that mucoid and nonmucoid colony types may interact differently with host cells. We evaluated this by comparing rates of internalization of five isogenic mucoid and nonmucoid B. pseudomallei pairs (4095, 10457A, 10971B, 11017A, and MSHR295). Rates of bacterial internalization by human monocyte THP1 cells following 4 h of initial interaction with live bacteria at an MOI of 1:1 varied markedly between bacterial strains (Fig. 3) . A consistent finding, however, was a significantly higher number of internalized bacteria for mucoid than for nonmucoid colony types (P Ͻ 0.05 for all pairs).
Susceptibility of mucoid and nonmucoid colonies to serum killing. The OPS moiety of LPS is responsible for the resistance of B. pseudomallei to serum (7) . We evaluated whether the two different colony types were associated with altered serum resistance using five isogenic mucoid and nonmucoid B. pseudomallei pairs (4095, 10457A, 10971B, 11017A, and MSHR295). The K96243 negative control remained viable in 30% NHS (inoculum, 1.10 ϫ 10 6 CFU/ml; 1.04 ϫ 10 6 CFU/ml postexperiment), and the E. coli positive control was killed (inoculum, 1.14 ϫ 10 6 CFU/ml; 0 CFU/ml postexperiment). Comparison of mucoid and nonmucoid colony pairs for strains 4095, 10971B, 11017A, and MSHR295 indicated that the two colony types had comparable levels of resistance to serum between pairs (P Ͼ 0.05 for all pairs, t test) and to the level of resistance of the positive control (data not shown). Unexpectedly, both mucoid and nonmucoid colonies of strain 10457A were susceptible to serum killing (mucoid-colony inoculum, 1.52 ϫ 10 6 CFU/ml; 1.77 ϫ 10 2 CFU/ml postexperiment; nonmucoid-colony inoculum, 1.03 ϫ 10 6 CFU/ml; 4.55 ϫ 10 2 CFU/ml) postexperiment. Association between mucoid colonies and LPS antigenic variation. We next considered the phenotypic basis for the difference in colony appearance between nonmucoid and mucoid colonies. LPS is a major surface-expressed determinant of B. pseudomallei, and we hypothesized that variation in LPS structure was responsible for the variable colony appearance. We tested LPS from all isolates from two retrospective Thai collections (200 isolates from cases with no relapse and 166 isolates from patients who relapsed), Australian collections (n ϭ 52), and prospective isolates (n ϭ 40) ( Table 3) . SDS-PAGE and silver staining of LPS extracts of one nonmucoid and one mucoid colony (when available) for each isolate demonstrated the three LPS types described previously: ladder A, ladder B, and rough LPS (10) ( Table 3) . Type A and B ladder patterns, which reflect the complete structure of LPS consisting of OPS, core-oligosaccharide, and lipid A, were found in both mucoid and nonmucoid colonies (Fig. 4A) . Rough LPS was found in nonmucoid colonies (Table 3) . Ten colonies per isolate of all isolates (5 mucoid and 5 nonmucoid) were screened using the MAb-latex agglutination test. This MAb is known to recognize B. pseudomallei OPS type A but not type B or rough LPS by Western blotting (21) . The latex agglutination result demonstrated that only nonmucoid colonies of all isolates with LPS type A were positive and that the remainder were negative. The negative result for all mucoid colonies with LPS type A suggests the presence of a modification of OPS which can be distinguished by the MAb. This result was verified using Western blotting, in which the MAb was observed to react with LPS extracted from nonmucoid colonies showing reactions on the type A ladder components but not to react with LPS from mucoid colonies (Fig. 4B) . We proposed that the difference in colony morphology variation was due to the antigenic variation of OPS. Molecular identification of an OPS molecule that reacts with the 9D5 MAb. We investigated the nature of the OPS modification(s) associated with varied colony morphologies and latex agglutination reactions. The 6-deoxy-L-talose (6dTal) residues of B. pseudomallei OPS are variably replaced with O-methyl and Oacetyl modifications (11) (12) (13) . We thus generated a range of allelicexchange mutants containing unmarked deletions of wbiD, wbiA, and oacA, which are known to be involved in B. pseudomallei LPS synthesis. wbiD is involved in OPS biosynthesis, whereas wbiA and oacA are required for the 2-O-and 4-O-acetylation of OPS, respectively (7, 13) . The mutants defective in wbiA (K96243 ⌬wbiA), wbiD (K96243 ⌬wbiD), and oacA (K96243 ⌬oacA) were confirmed to have the desired mutant alleles by PCR (Fig. 5A) . SDS-PAGE and silver staining of proteinase K-treated extracts revealed type A ladder patterns for K96243 ⌬wbiA and K96243 ⌬oacA similar to that of the wild type, but the OPS ladder was absent for K96243 ⌬wbiD (Fig. 5B) . These findings suggested that while the K96243 ⌬wbiA and K96243 ⌬oacA mutants expressed OPS moieties, K96243 ⌬wbiD did not. Western blot analysis demonstrated that LPS of K96243 ⌬oacA and the wild type reacted with the OPS-specific MAb 9D5, but no reaction was observed for the K96243 ⌬wbiA and K96243 ⌬wbiD mutants (Fig. 5C ). These mutants did not change the colony from the nonmucoid to the mucoid type.
A complemented strain for the K96243⌬wbiA mutant was constructed and confirmed by PCR (Fig. 5A) . Western blot analysis demonstrated that expression of a wild-type wbiA allele in this strain restored the expression of native antigen, as demonstrated by the ladder reaction with MAb 9D5 (Fig. 5C ). Taken together, these results suggested that (i) LPS-specific MAb 9D5 reacted with the OPS moiety of LPS and that (ii) 2-O-acetyl modifications (due to wbiA expression) of B. pseudomallei OPS influence the reaction with the MAb.
Analysis of wbiA sequences between mucoid and nonmucoid colonies. Thirty-four B. pseudomallei cultures containing mucoid and nonmucoid colonies were randomly chosen from the Thai collections, and a colony of each type was tested by PCR for the presence of wbiA. All colonies were positive, and full-length sequencing revealed that all mucoid and nonmucoid pair isolates had identical sequences for the wbiA gene. Using RT-PCR analysis to examine two B. pseudomallei isogenic pair isolates (4095a
, and MSHR295 [M]), we observed the same levels of wbiA expression in mucoid and nonmucoid isolates. wbiA expression was abolished in the K96243 ⌬wbiA mutant negative control. The 16S rRNA positive-control samples all yielded a 336-bp product, and no amplification was detected in the no-RT negative controls (data not shown). These results suggested that wbiA was expressed in mucoid isolates.
Purification of LPS from capsule-deficient strains. We next investigated the structural differences in OPS between mucoid (4095c) and nonmucoid (4095a) isogenic isolates. To eliminate capsular polysaccharide contamination during LPS purification, B. pseudomallei mutants defective in wcbB were constructed with strains 4095a and 4095c. wcbB encodes a polysaccharide glycosyltransferase biosynthesis protein that is required for capsule production (25) . Two mutants, 4095a ⌬wcbB and 4095c ⌬wcbB, were constructed using a pEXKm5-based allele replacement strategy and then verified by PCR (Fig. 5A) . SDS-PAGE and silver staining of proteinase K-treated extracts revealed ladder patterns for 4095a ⌬wcbB and 4095c ⌬wcbB that were similar to those of the parental strains, suggesting that the mutagenesis of capsule did not alter the synthesis of OPS (Fig. 5B) . Western blot analysis was used to examine the reactivity with the LPS-specific MAb 9D5 and the capsule-specific MAb 4B11. As shown in Fig. 5C , LPS MAb 9D5 showed reactivity with 4095a and 4095a ⌬wcbB mutant extracts but not with 4095c or 4095c ⌬wcbB mutant extracts (Fig. 5C ). Capsule was absent in both 4095a ⌬wcbB and 4095c ⌬wcbB mutants (Fig. 5D ). Since the deletion of wcbB did not affect LPS's expression, we used the 4095a ⌬wcbB and 4095c ⌬wcbB strains to prepare purified LPS for NMR analysis.
NMR analysis of OPS structures. To investigate the structural characteristics of the OPS antigen expressed by B. pseudomallei 4095a ⌬wcbB and 4095c ⌬wcbB, OPS was isolated from LPS by mild acid hydrolysis and gel permeation chromatography. A combination of 1-D and 2-D 1 H and 13 C NMR spectroscopy indicated that 4095a (nonmucoid) and 4095c (mucoid) OPS antigens exhibited 2-O-methyl and 4-O-acetyl substitution patterns that dif- fered from one other and from the predominant OPS serotype expressed by B. pseudomallei 1026b (Fig. 6 and Table 4 ). Specifically, the 6dTal residues of B. pseudomallei 4095a lacked 4-Oacetyl modifications (except at the nonreducing end residue), while the 6dTal residues of B. pseudomallei 4095c lacked both 4-O-acetyl (except at the nonreducing end residue) and 2-Omethyl modifications. These data indicate that the 9D5 MAb recognizes an epitope that is influenced by the presence/absence of O-acetyl and/or O-methyl substitutions on the 6dTal residues.
DISCUSSION
Colony morphology variation in B. pseudomallei occurs during human infections and under challenging environmental conditions (19) . We previously defined 7 colony types on Ashdown agar and showed their association with different levels of expression of a range of putative virulence proteins, as well as survival advan- tages in vivo and under different laboratory conditions (6, 19) . Here, we expand the examination of colony variation in nonselective medium and identify mucoid and nonmucoid colony types. On TSA and blood agar, both of these colony types were observed within single samples positive for a pure growth of B. pseudomallei. The colony type can also change between mucoid and nonmucoid colonies under different laboratory conditions. We showed that the mucoid type did not react with a MAb to OPS but had higher internalization by macrophages. The NMR structure analysis of a mucoid variant compared to the nonmucoid type of strain 4095a demonstrated that the variant lacked a 2-O-methyl modification.
B. pseudomallei often persists in the lung as acute or chronic pneumonia, resulting in tissue damage and inflammation (3) . In primary cultures of clinical specimens, mixed colony types were observed only in samples collected from respiratory secretions, e.g., sputum and tracheal suction specimens. This finding suggests that some host factor(s), for example, pulmonary deterioration, antimicrobial peptides, or antibodies in respiratory secretions, may enhance the presence of mucoid B. pseudomallei. Indeed, we demonstrated that temperature at 42°C or prolonged incubation (37°C for 7 days) may drive colony alteration of B. pseudomallei toward the mucoid type. It is unclear which factor(s) may trigger these changes in vivo, but the fact that mucoid and nonmucoid colonies were observed in the same specimen suggests that a subpopulation may have a fitness advantage in a particular niche. Mucoid colonies had higher internalization into macrophages than nonmucoid colonies, which could be associated with enhanced survival in the host, since B. pseudomallei is capable of survival and replication in macrophages (4) . Once the bacteria were taken up, both mucoid and nonmucoid colonies were able to replicate in THP1 monocytic cell lines (data not shown). The occurrence of mucoid colonies in respiratory secretions has been observed in other bacteria, and it has been associated with persistence. For instance, mixed mucoid and matte colonies were observed in B. cenocepacia after pulmonary challenge in a mouse model with enhanced persistence of mucoid colonies in the lung (26) . A large degree of variation in phenotypes of Pseudomonas aeruginosa isolates from individual sputum samples of a patient has been reported (27) , and mucoid colonies of P. aeruginosa have been isolated from up to 90% of cystic fibrosis patients, although they are rarely observed from other patient groups (28) . This evidence suggests that the lung environment may be a driver for bacterial diversification.
Our results showed that mucoid colonies can switch to nonmucoid colonies after exposure to specific laboratory conditions. The nonmucoid colony was observed as the major type in clinical and environmental B. pseudomallei isolates. Our previous study showed that nonmucoid types of B. pseudomallei, e.g., type I and II on Ashdown agar, produced more biofilm and extracellular enzymes than mucoid types and were more resistant to hydrogen peroxide killing (6, 19) , while the mucoid type was associated with flagellum production and motility (19, 23) . It is possible that alteration of LPS can occur along with increased expression of other putative virulence factors and may enhance the virulence and persistence of B. pseudomallei in a host. These data support the results of our previous study of a mouse experimental model, in which only nonmucoid colonies were found from cultures of various organs from mice infected intraperitoneally with the mucoid type (19) .
DeShazer et al. reported that the OPS moiety of B. pseudomallei LPS is required for serum resistance and virulence in vivo. A B. pseudomallei mutant defective in OPS production was susceptible to killing by 30% NHS (7) . In this study, we found that our wbiA mutant defective by lacking a 2-O-acetylation substitution in 6dTal residues of OPS moieties did not change the colony from a nonmucoid to a mucoid type. The mucoid variants did not show greater susceptibility to serum killing. It is possible that the substitutions on OPS moieties did not affect the length of OPS repeating subunits and may still prevent integration of the C5b-C9 complement membrane attack complex (MAC) into the bacterial outer membrane. It is surprising to observe an unusual isolate of B. pseudomallei (10457A) having a full LPS ladder type A but showing susceptibility to serum killing. 10457A also produced capsule, as it demonstrated a reaction with capsule-specific MAb 4B11 (data not shown). This suggests that another unidentified component may be involved in the resistance to serum killing.
We considered that the mechanism of OPS modification was mediated by wbiA expression or gene mutation. However, RT-PCR analysis of mucoid colonies showed that wbiA was still expressed at the same level as in nonmucoid colonies. Moreover, DNA sequencing analysis of wbiA demonstrated no mutations in the mucoid type. It is possible that regulation of colony or OPS variation of B. pseudomallei involves other genes. Several studies have indicated that regulatory genes are essential for colony variation in other bacteria. For instance, a putative transcriptional regulator belonging to the LysR family controls the conversion from rough to shiny colonies of B. cenocepacia (29) . Although there might be genetic differences between isolates, PFGE was not able to distinguish all isolate pairs due to lack of resolution. Whole-genome sequencing (WGS) was used to define the difference in 3 pairs of mucoid and nonmucoid colonies in this study, but we did not find consistent results that are relevant to the OPS synthesis genes (data not shown).
We demonstrated that while the 9D5 MAb reacted with the OPS expressed by an oacA (4-O-acetyltransferase) mutant, it was unable to react with the OPS expressed by a wbiA (2-O-acetyltransferase) mutant. NMR analysis of the OPS antigens purified from capsule mutants also revealed that 4095a (a nonmucoid strain) OPS was devoid of internal 4-O-acetyl modifications and that 4095c (a mucoid strain) OPS was devoid of both internal 2-O-methyl and 4-O-acetyl modifications on 6dTal residues. Collectively, these results suggest that the 9D5 MAb recognizes a conformational epitope that is influenced by both O-acetyl and Omethyl substitution patterns. Since B. pseudomallei LPS is a potential vaccine candidate (9), our finding that a mucoid phenotype is associated with antigenic variation of LPS has important implications for vaccine development.
In conclusion, we have demonstrated that novel modifications associated with B. pseudomallei OPS antigens can arise during human infection. Such antigenic variation might be a mechanism used by this organism to adapt to changing environments and evade host immune responses.
